1. A study has been made of the dependence on the concentrations of internal Na+ and external K+ of lactate and phosphate production in human erythrocytes. 2. Lactate production was stimulated by Na+ and K+ but only when they were internal and external respectively. The stimulation was counteracted by ouabain. The production of phosphate was affected in the same way. 3. There is a quantitative correlation between these effects and those previously found for cation movements and the membrane adenosine triphosphatase. 4. It is concluded that the rate of energy production in glycolysis is partly controlled by the magnitude of active transport; the extent of this regulation is shown to vary from 25 to 75% of a basal rate that is independent of active transport. 5. The activity of the membrane adenosine triphosphatase was also compared with rates of Na+ and K+ transport. The latter were varied by altering the concentrations of internal Na+ and external K+, and by inhibiting with ouabain. 6. Athreefold variation ofactive transport rate was accompanied by a parallel change in the membrane adenosine-triphosphatase activity. The results show a constant stoicheiometry for the number of ions moved/ mol. ofATP hydrolysed, independent ofthe electrochemical gradient against which the ions were moved. 7. Calculations show that the amount of ATP hydrolysed would provide enough energy for the osmotic work. The results are discussed in relation to possible mechanisms for active tranport. Schatzmann (1953) concluded that cardiac glycosides do not affect glucose metabolism in human erythrocytes in spite of active cation transport being inhibited. This view has been widely accepted, although it presents the difficulty of explaining why erythrocytes should produce the same amount of energy when their energy requirement has been decreased. Erythrocytes do not respire, and in respiring cells, in contrast, a decrease in the amount of energy required for active transport appears to be accompanied by a fall in energy production. Thus, with slices of brain and kidney cortex and of liver, direct interference with the transport mechanism, so as to stop or initiate active transport, elicits a decrease and increase respectively in the rate of respiration. Active transport is stopped either by deprivation of one of the ions (Na+ and K+) that is transported, or by the addition of ouabain in the presence of both ions. The magnitude ofthe decrease in respiration is the same with each procedure, and in the absence of one of the ions ouabain has no effect. Stimulation of the rates of Na+ and K+ transport causes a proportional increase in the rate of respiration (Whittam, 1961 (Whittam, , 1962a Elshove & Van Rossum, 1963; Whittam & Willis, 1963; Bilodeau & Elliott, 1963) .
1. A study has been made of the dependence on the concentrations of internal Na+ and external K+ of lactate and phosphate production in human erythrocytes. 2. Lactate production was stimulated by Na+ and K+ but only when they were internal and external respectively. The stimulation was counteracted by ouabain. The production of phosphate was affected in the same way. 3. There is a quantitative correlation between these effects and those previously found for cation movements and the membrane adenosine triphosphatase. 4. It is concluded that the rate of energy production in glycolysis is partly controlled by the magnitude of active transport; the extent of this regulation is shown to vary from 25 to 75% of a basal rate that is independent of active transport. 5. The activity of the membrane adenosine triphosphatase was also compared with rates of Na+ and K+ transport. The latter were varied by altering the concentrations of internal Na+ and external K+, and by inhibiting with ouabain. 6. Athreefold variation ofactive transport rate was accompanied by a parallel change in the membrane adenosine-triphosphatase activity. The results show a constant stoicheiometry for the number of ions moved/ mol. ofATP hydrolysed, independent ofthe electrochemical gradient against which the ions were moved. 7. Calculations show that the amount of ATP hydrolysed would provide enough energy for the osmotic work. The results are discussed in relation to possible mechanisms for active tranport. Schatzmann (1953) concluded that cardiac glycosides do not affect glucose metabolism in human erythrocytes in spite of active cation transport being inhibited. This view has been widely accepted, although it presents the difficulty of explaining why erythrocytes should produce the same amount of energy when their energy requirement has been decreased. Erythrocytes do not respire, and in respiring cells, in contrast, a decrease in the amount of energy required for active transport appears to be accompanied by a fall in energy production. Thus, with slices of brain and kidney cortex and of liver, direct interference with the transport mechanism, so as to stop or initiate active transport, elicits a decrease and increase respectively in the rate of respiration. Active transport is stopped either by deprivation of one of the ions (Na+ and K+) that is transported, or by the addition of ouabain in the presence of both ions. The magnitude ofthe decrease in respiration is the same with each procedure, and in the absence of one of the ions ouabain has no effect. Stimulation of the rates of Na+ and K+ transport causes a proportional increase in the rate of respiration (Whittam, 1961 (Whittam, , 1962a Elshove & Van Rossum, 1963; Willis, 1963; Bilodeau & Elliott, 1963) .
These effects of cations on respiration are related to the fact that in kidney, brain and liver slices, as in erythrocytes, one ion is transported only when the other ion is also present. The significance of cardiac glycosides is that they inhibit this coupled ion transport, and the part of the ATPase* activity that is connected with it (see Glynn, 1964) . This enzymic activity is a measure of the rate at which cells utilize ATP for active transport, and it is the products of such hydrolysis in respiring cells that appear to regulate the rate of oxygen uptake. The question arises therefore whether metabolic control by active transport applies also to erythrocytes.
Further questions are whether the rate of ATP hydrolysis changes in direct proportion to variations in rates of transport, and whether the rate at which energy is liberated from ATP is sufficient to satisfy the energy required for transport. It is necessary to work with intact cells or erythrocyte 'ghosts' in studying these questions, in order to retain spatial asymmetry of the membrane. A previous study of ATP hydrolysis in relation to K+ uptake in human erythrocytes showed that both processes fell in a parallel manner, as if there was a constant stoichei-ACTIVE TRANSPORT AND METABOLISM ometry despite differences in the absolute rates; the energy supply was also sufficient for the energy required (Whittam, 1958) . The reaction involved may be written: mKe+ + nNa,+ + ATP + H20 mK,+ + nNa8+ + ADP + P,
The subscripts 'e' and 'i' denote external and internal respectively. The value of m, referred to below as the K+/ATP ratio, represents the number of K+ ions actively taken up during the (Na+ + K+)-sensitive hydrolysis of lmol. of ATP; similarly n, referred to below as the Na+/ATP ratio, is equal to the number of Na+ ions extruded/mol. of ATP that is hydrolysed. Estimates of the K+/ATP and Na+/ATP ratios have been made previously for a single condition of incubation (Glynn, 1962; Gardos, 1964; Sen & Post, 1964) .
The object of the present work was to see whether the rates of lactate production and of ATPase activity changed when the rates of transport were varied by changes in the concentrations of external K+ and internal Na+, and ofouabain. Measurements on the same cells show that metabolic activity is partly controlled by the active transport process; there are parallel changes over a threefold variation. A change in the rate of active transport always elicited the same proportional change in the rate of ATP hydrolysis, and, as a consequence, in the rate of metabolism. (Prankerd, 1956; Gabrio, Hennessey, Thomasson & Finch, 1955; Rubinstein, Kashket & Denstedt, 1956) . Blood (3vol.) was added to lvol. of a suspension of adenosine (40/moles/ ml.) in 0-15M-NaCl. The mixture was incubated for 2hr.
METHODS
at 370 and then stored for 1-3 days at 4°. Cells for the final incubation were required free of adenosine and of the inosine formed from it by deamination; they were therefore washed two to four times in about 4 times their volume of 0-15M-NaCl, and finally one to three times in medium A of composition: NaCl (150mM); MgCl2 (2mM); imidazole-HCl buffer, pH7-5 (10 or 20mM) . The suspensions were left to stand for 10 min. each time before centrifugation. Examination of the absorption at 240-290m,u of the fluid from the final wash and of the HC104 extract of the washed cells indicated that nucleosides had been removed, as would be expected from the high permeability of erythrocytes to these compounds (Whittam, 1960; Kubler & Bretschneider, 1963) . The P1 concentration in cells aged about 1 week fell from 6-7 (three values) to 0-8 + 0 05 (25 values) 4moles/ ml. of cells after treatment with adenosine.
Final incubation
Erythrocytes were suspended in 4-9 times their volume ofthe appropriate incubation medium, obtained by modification of medium A, and maintained at 37°for 60min. The pH of the cell suspensions (7.2-7.5) did not change during incubation. The low haemoglobin concentration in the medium after incubation showed that not more than 04-0-6% of the cells were haemolysed. The exact volume of cells/ml. of cell suspension was either determined directly, by centrifuging a sample for 30 min. at 2000g in a 'haematocrit tube' of narrow bore, or calculated from the ratio of the haemoglobin concentration in the suspension to that of cells packed for 30 min. at 2000g.
For estimation of P1 and lactate production, 5 ml. samples of suspension were deproteinized, either initially or after incubation, by the addition of 0 5 ml. of 50% (w/v) trichloroacetic acid or 0 4ml. of 60% (w/w) HC104. The precipitated material was removed by centrifugation, and P1 was determined on samples of the clear extract. For enzymic estimations, 2 ml. samples of HC104 extract were transferred to graduated test tubes containing 1 drop of universal indicator, and cooled in ice. Then 2N-KOH was added dropwise to bring the pH to about 7, and after a further IO min. at 00 the precipitate of KC104 was spun down and the total volume noted.
Variation of erythrocyte cation composition by the 'lactose' procedure Previous workers have shown that the cation content of erythrocytes may be varied by storing them for different periods at 40 in media containing a range of Na+ and K+ concentrations (Post & Jolly, 1957; Post, Merritt, Kinsolving & Albright, 1960) . This procedure has the disadvantage that, after storage for different periods, cells vary in their metabolic state as well as in Na+ concentration.
A more convenient approach makes use of the increase in permeability that takes place when cells are incubated in a solution of non-electrolyte (Maizels, 1935; Davson, 1939; Bolingbroke & Maizels, 1959) . Incubation in lactose solution results in a fall of 85% in the total Na+ and K+ content of the cells, and of 30% in cell volume (Bolingbroke & Maizels, 1959) . The shrunken cells are highly permeable to cations, and when incubated in mixtures of 0 3M-NaCl and KCI they regain their original salt content; on resuspension in a medium iso-osmotic with plasma their volume is restored to that of normal cells (McConaghey & Maizels, 1962) . The cation permeability may be lowered after this loading procedure by adding CaC12 to the cell suspension and to the media in which the cells are later washed and incubated (Bolingbroke & Maizels, 1959) . Cells treated in this way Vol. 97 215S are able to transport ions actively only if their phosphate ester content is restored, e.g. by including adenosine in the loading and incubation media (McConaghey & Maizels, 1962) . The procedure of Bolingbroke & Maizels (1959) and McConaghey & Maizels (1962) 1965 procedure were 1-0, 0-5 and 0-3/umole/ml. of cells respectively. The addition of adenosine to the loading medium thus restored the intracellular ATP concentration to a value similar to that in fresh erythrocytes. The cells contained rather lower concentrations of phosphate esters than are found in normal cells, however, since in five experiments the total acid-soluble phosphate content was only 8-12ptmoles/ml. of cells.
Estimation procedures K+ influx. This was measured according to the method of Glynn (1956) , and net changes in Na+ and K+ contents of the cells were determined by flame photometry.
Orthophosphate. This was estimated in deproteinized extracts by the method of Fiske & Subbarow (1925) , in which there is no appreciable hydrolysis of phosphate esters (Bartlett, 1959) . The S.E.M. for a mean of 1-58,umoles/ ml. of cells for four estimations was 0-22 (range 1-53-1-61).
Total acid-soluble phosphate was determined as Pi after digesting 0-lml. samples of extract with 0-ml. of 70% (w/w) HC104.
Haemoglobin. This was estimated as oxyhaemoglobin, from the extinction at 540m,i of suitably diluted samples, clarified with aq. NH3 as described by King (1951) .
Na+ and K+. These were estimated with an EEL flame photometer. Samples were diluted to contain less than 0-2mM-Na+ or -K+, freed of cell debris by centrifugation, and read three times in alternation with standard solutions of NaCl or KCI. The cation concentration in erythrocytes was calculated by multiplying the concentration in the haemolysate by the ratio of the haemoglobin concentration in packed cells to that in the haemolysate.
Lactate. This was estimated enzymically, by a procedure similar to that used by Hohorst, Kreutz & Bucher (1959) and described in more detail by Hohorst (1963) .
Adenine nucleotides. These were estimated enzymically with 'test kits' supplied by C. F. Boehringer und Soehne G.m.b.h., Mannheim, Germany. The methods were similar to those described by Adam (1963) .
RESULTS
Stimulation of phosphate and lactate production by external K+. Table 2 shows that omission of K+ from the medium, or the addition of ouabain in the presence of K+, caused a fall in the amounts of Pi and lactate produced in fresh cells. Lactate production fell from 1-9 to 1.4,umoles/ml. of cells/hr., and Pi production from 0-62 to about 0-45 ,umole/ml. of cells/hr. Moreover, in the K+-free medium ouabain had no effect. This combination of results suggests that the effects arose through changes in the activity of the membrane ATPase that is involved in active transport. The extent of this activity will be given by the sum of the Pi and lactate production that is sensitive to external K+ and to ouabain. This enzymic activity in the absence of lactate production would simply be shown by Pi production. However, in cells forming lactate, the K+-dependent lactate production has to be taken into account, because each lactate mol. produced necessitates the esterification of lmol. of Pi when glyceraldehyde 3-phosphate is oxidized to 1,3-diphosphoglycerate.
In view of the nature of the stimulation of K+ influx by external K+, with half-maximum activation by 2mM-K+ (Glynn, 1956) , it was decided to test whether the stimulation of ATPase activity showed the same features. When ouabain was present, the rates of Pi and lactate production were independent of the external K+ concentration, being 0-2-0-3 and 1-6-1-8umoles/ml. of cells respectively. Fig. 1 , in contrast, shows that there was a gradual increase in ouabain-sensitive activity as the K+ concentration was raised to lOmm. The P1 and lactate production were alike in showing the same dependence on K+ concentration. The lines in Fig. 1 1965 Table 3 . pH-dependence of lactate production by erythrocytes Erythrocytes aged about 1 week were washed three times with 0-15M-NaCl and twice with medium of composition: NaCl (120mM); KCI (10mM); MgCl2 (2mM); glucose (10mm); tris-HCl buffer, pH7-4 (30mM). Portions of cell suspension (haematocrit 0-2 or 0-3) were adjusted to pH values from 6-5 to 9-0 by the addition of N-NaOH or N- Schatzmann's (1953) conclusion, and it is therefore necessary to try to explain the different results. An important point is that Schatzmann (1953) measured, not lactate or glucose, but the evolution of carbon dioxide from a Ringer's solution buffered with bicarbonate. Moreover, his cells contained haemoglobin that had been converted into carbon monoxide-haemoglobin. A possible reason for the lack of effect of ouabain is low pH, although this was said to be approx. 7-2 with 5% carbon dioxide and 9-2mM-sodium hydrogen carbonate. The haematocrit is not given, so it is impossible to refer ,u. of carbon dioxide evolved to unit volume of cells. Table 3 shows the dependence of ouabainsensitive lactate production on pH. The sensitivity is greatest at pH7-2 and 7-5, but falls to zero at pH6-8. The total lactate production is markedly dependent on pH, as shown by the control values, in agreement with Clarkson & Maizels (1955) . Although these results do not resolve the discrepancy with Schatzmann's (1953) , they confirm the importance of pH.
Control of lactate and phosphate production by internal Na+. The dependence of lactate and P1 production on internal Na+ was measured in cells whose Na+ content had been changed during preliminary treatment with lactose. A check was first made to test whether these cells had the same properties as fresh cells when their Na+ content was the same. This was found to be so, for in fresh cells the sum of ouabain-sensitive lactate and P production was (1-9+0-62)-(1-5+0-43)=06,umole/ml. of cells/hr. (Table 2) , whereas in lactosetreated cells containing 12m-equiv. of Na+/ml. of cells the value was also 0-6,pmole/ml./hr. A further preliminary check showed that lactate was produced at a constant rate throughout the 3-S5hr. period of incubation.
The cell Na+ concentration was varied from 12 to 101utequiv./ml. of cells. In the presence of ouabain, lactate and P1 production were unaffected by the Na+ concentration. In cells without ouabain, however, there was a marked effect of internal Na+. The Pi production for an incubation of 3-5hr.
was raised from 0-5 to 1-3 pmoles/ml. of cells as the Na+ concentration was raised from 12 to 50,tuequiv./ ml. of cells (Fig. 2) . Little further increase occurred with higher Na+ concentrations. Again, the rate of ACTIVE TRANSPORT AND METABOLISM lactate production was affected similarly, the comparable increase being from 1-6 to 3-5 ,umoles/ml. to that for half-maximum activation of Na+ extrusion and of the membrane ATPase (Post & Jolly, 1957; Post et al. 1960) . Stimulation by external alkali-metal ion8. Other alkali-metal ions can replace K+ in being transported inwards and in activating the membrane ATPase (Solomon, 1952; Kahn, 1962; Whittam & Ager, 1964) . Table 4 shows that they are also similar in regulating lactate and P, production in intact cells. The alkali-metal ions K+, Rb+, Cs+ and Li+ caused the same increase in P1 production over that in the control in sodium chloride (Table  4) . The stimulation was abolished by ouabain. There was no further increase on adding 10mm-K+, indicating that maximum stimulation was being achieved with 75mM-Rb+, 75mM-Cs+ and 110mm-Li+. These ions also stimulated lactate production, again to the same extent as did K+. Further, the extent of the inhibition by ouabain for each of the alkali-metal ions Li+, K+, Rb+ and Cs+ was the same as the extent of the stimulation.
Lack of effect of Ca2+ in the medium. Similar results for lactate and P1 production were obtained irrespective of whether the medium contained 2-5mM-calcium chloride. Thus in Table 2 the results are the same for fresh cells incubated in a medium containing Ca2+ as those in Tables 3 and 4 where the medium did not contain Ca2+. Again, in Figs. 1 and 2 the medium contained Ca2+, and the results (with lactose-treated cells) are similar to those for cells not exposed to Ca +. Table 4 . Effect of different alkali-metal ion8 on lactate and orthophosphate production in cold-atored erythrocyte8
For Expt. 1, washed erythrocytes aged 1 week were added (lml.) to 4ml. of medium of type A, in which Na+ was replaced where appropriate by K+, Rb+, Cs+ or Li+, and containing glucose (10 mM) with or without ouabain (20Mm). A 0-4ml. portion of 60% (w/w) HC104 was added initially or after incubation for 60min. at 370, and lactate was determined on neutralized extracts. In Expt. 2 the erythrocytes were pretreated with adenosine (see the Methods section), washed four times and added (lml.) to 4ml. of medium A, modified by the addition of appropriate quantities of 150mM-KCl, -RbCl, -CsCl or -LiCl, with or without ouabain (60ItM). A 0-5ml. portion of 50% (w/v) trichloroacetic acid was added either initially or after incubation for 60min. at 37°, and Pi was determined. 1965
Ouabain-sen8itive K+ influx as a measure of active *, K+ influx. Glynn (1957) found that the inhibition = -~of K+ influx by cardiac glycosides was greater than 'O°°°°the fall produced by glucose deprivation. One possible explanation is that glycosides retard passive tracer movements as well as active ones (see also Hoffman, 1964 External conen. of K+ (mm) Fig. 3 . Dependence of K+ influx on external K+ concentration. Erythrocytes, loaded with Na+ according to the 'lactose' procedure, were washed four times in medium B containing no K+ and suspended at 1% haematocrit in the same medium, modified to include K+ (0-5-20mM), and ouabain (40Mm) (1956) .
Influx in the presence of ouabain could also be fitted to an equation of the type shown above. Fig. 3 shows that the rates of K+ influx fell close to those associated with values of 1-5,uequiv./ml./hr. and 8mM for the constants a and ,B respectively.
Total K+ influx may be described as the sum of two components of type M, representing active and passive influx. It may also be described, within the experimental error, by a further equation of the type given above, with values for a and ,B of 4-8 -equiv./ml./hr. and 2-5mM respectively (Fig. 3) . The estimates of ,B obtained by Glynn (1956) (Whittam & Ager, 1964) and erythrocytes ( Fig. 1 ) and for active K+ influx. Each process shows saturation kinetics with respect to external K+, and is half-maximally activated in medium containing about 2mM-K+. The similar response of active transport and ATPase activity to external K+ is brought out clearly in Fig. 4 , where the rate of active K+ influx is plotted against the associated ATPase activity (computed as the sum of ouabain-sensitive P, and lactate production). The points in Fig. 4 fall close to a straight line, indicating that a change in influx was accompanied by a proportional change in ATPase activity. The K+/ATP ratio was thus constant over a range of K+ concentrations from 1 to 20mM. Its mean value was 2-2+0-1 (6) and the line in Fig. 4 has been drawn with this gradient. With fresh cells incubated in media containing 5-20mm-K+, the mean of five results was 2-4 + 0-15 (S.E.M.).
Effect of internal Na+ concentration on K+ influx.
Previous workers have shown that the rate of net active transport of Na+ and K+ depends on cell Na+ content (Flynn & Maizels, 1949; Post & Jolly, 1957; McConaghey & Maizels, 1962 The rate of K+ influx rose from 2 6 to 5 2 ,uequiv./ml. of cells/hr. as the Na+ concentration in the cells increased from 10 to 30,uequiv./ml. of cells, and then remained more or less constant as the Na+ concentration was increased above this value. In the presence of ouabain, however, the low rate of K+ influx (0.6-09,uequiv./ml./hr.) was unaffected by changes in cell Na+ content. Half-maximal ouabain-sensitive K+ influx would be associated with a Na+ concentration of roughly 15,uequiv./ml. of cells. Table 6 shows that the rates of K+ influx and ATPase activity increased in constant proportion as the cell Na+ concentration was raised from a value (12 ,uequiv./ml. of cells) giving less than halfmaximal activation to the high value of lOOuequiv./ml. of cells. The K+/ATP ratio was thus independent of Na+ concentration in this range, and had the values 2-3, 1-8, 2-1 and 2-1 with a mean of 2-1 + 0 1 (4).
Parallel effect of low concentrations of ouabain on K+ influx and ATPase activity. ATPase activity and K+ influx were determined simultaneously in cells in media containing K+ (10mM) and ouabain (0 1,um-0.2mm). Fig. 5 shows the relationship between the inhibition of K+ influx caused by a given concentration of ouabain and the fall in ATP hydrolysis under the same conditions. The points fall close to a straight line, indicating that any inhibition of K+ influx caused by ouabain was accompanied by a proportional fall in ATPase activity. The mean value of the K+/ATP ratio was 2-7 + 0 1 (6), which is the slope of the line in Fig. 5 .
Effect of internal Na+ concentration on net movements of Na+ and K+. The effect of internal Na+ concentration on net Na+ and K+ movements was Ouabain-sensitive ATPase activity t,umoles/ml. also investigated. Fig. 6 shows the changes in cell cation content (in ,uequiv./ml. ofcells) that occurred when cells were incubated for 3-5hr. in media containing K+ (10mM) with or without ouabain (40Mm). At low internal Na+ concentrations, net movements were small; during the incubation, cells with a Na+ content of 12-16 ,uequiv./ml.
showed little K+ uptake (-2 to + 2,equiv./ml.) and Na+ extrusion of only 3.5-6tLequiv./ml.
As the Na+ content increased to 50,uequiv./ml., net K+ uptake rose to 9 and Na+ extrusion to 16,uequiv./ml. Further increase in Na+ concentration brought little further rise in the net transport. Net K+ uptake was always less than net Na+ extrusion, but both quantities increased in a similar way with internal Na+ concentration, and in each of three experiments reached a plateau with a Na+ content of about 50,equiv./ml. Fig. 6 shows that, in the presence ofouabain, the transport of Na+ and K+ against their concentration gradients was abolished. The low rates of passive cation transport then observed, rarely exceeding 15 ,uequiv./ml. of cells/hr., indicate how completely the cells recovered a low cation permeability after the treatment with lactose.
The difference between the rates of transport in the presence and absence of ouabain has been taken as a measure of active Na+ extrusion and K+ uptake. After making this correction, it was found 222 1965 that active transport reached half its maximal rate with an internal Na+ concentration of about 20,uequiv./ml. Table 7 shows that, in experiments of the type + I -22 L Fig. 6 . Dependence of net Na+ and K+ movements on internal Na+ concentration. Erythrocytes were loaded with different concentrations of Na+ by the 'lactose' procedure, washed four times with medium B containing K+ (10mm), and suspended at about 15% haematocrit in the same medium, modified to include ouabain (50,uM) where appropriate. Samples for estimation of cell Na+ and K+ were taken initially or after incubation for 3-5hr.
at 370, to allow calculation of the rates of Na+ extrusion (0, control; *, +ouabain) and K+ uptake (A, control;
A, +ouabain). Three further experiments gave similar results.
just described, the maximum rate of ATPase activity, in cells containing about 50-100,uequiv.
of Na+/ml. of cells, was in the range 1F2-1F5 tmoles/ ml. of cells/hr., whereas the associated active movements of Na+ and K+ were 3-3-5-7 and 2.7-4.6,equiv./ml. of cells/hr. respectively. The Na+/ATP ratio had values from 2-5 to 3-8 and the K+/ATP ratio values from 2-1 to 3-3. Table 7 shows, further, that, although the rates of active transport and of ATPase actively fell to less than half the maximal values as cell Na+ concentration was decreased, the Na+/ATP ratio remained in a range similar to that in cells rich in Na+. Omitting the first three results in Table 3 on account of the error associated with the measurement of low rates of transport, the mean values of the Na+/ATP and K+/ATP ratios were 3-2 + 0-2 (8) and 2-4 + 0 3 (8) respectively. The mean value for the sum of the Na+/ATP and K+/ATP ratios, representing the total number of cations actively transported across the membrane during the hydrolysis of Imol. of ATP by the ouabain-sensitive ATPase, was 5-6 + 0 3 (8) ( Table 7) .
DISCUSSION

Control of metabolism by active transport
The results show that the metabolism of human erythrocytes is partly regulated by the concen- 
Vol. 97 223 R. WHITTAM AND M. E. AGER trations of internal Na+ and external K+. It is these concentrations that determine the activity of the transport system that utilizes energy from ATP. The rate of lactate production is an indication of the rate of ATP synthesis, and, like respiring cells, erythrocytes appear to adjust their production of ATP according to the demand for ATP for active transport. These effects of Na+ and K+ do not arise from interference with glycolytic enzymes because they were abolished by ouabain, which does not cause large changes in cellular cation content during an incubation of 4hr. (Whittam, 1958) . Stimulation of pyruvate-kinase activity by K+ and inhibition by Na+ have been observed in extracts of muscle and nerve (Boyer, Lardy & Phillips, 1943; Utter, 1950) , but these effects are the opposite of those in our experiments, which must therefore arise from a different cause. Again, ouabain had no effect in the absence of external K+ and its effect was least when the internal Na+ concentration was low. Thus the conditions under which lactate production was altered by Na+ and K+ are those under which the transport of these ions occurs at different rates. This finding is the converse of the well-established dependence of active transport on metabolism. It means that there is interdependence between the processes of ATP synthesis and hydrolysis. This conclusion is further supported by work with oligomycin, which is like ouabain in inhibiting active transport, the membrane ATPase and lactate production (Whittam, Wheeler & Blake, 1964) . In the electric organ of Electrophoru. electricus, Aubert, Chance & Keynes (1964) have demonstrated that glycogenolysis may be stimulated as a result of increased active cation transport. The above conclusion does not agree with earlier work of Schatzmann (1953) , Solomon, Gill & Gold (1956) , Kunz & Sulser (1957) , Nagano & Nakao (1962), and Jacob & Jandl (1964) , who found that glucose utilization in fresh erythrocytes was unaffected by cardiac glycosides. The experimental discrepancy has not been resolved, but it may arise from the marked sensitivity to pH of the ouabainsensitive component of lactate production and the low sensitivity of their analytical methods. On the other hand, the present results are in line with other recent reports that ouabain retards glycolysis. Murphy (1963) found that the rate of glucose utilization of fresh erythrocytes, incubated in a medium containing Ca2+, was decreased by 15% when active transport was inhibited by ouabain at pH7-5. Sen & Post (1964) and Minakami, Kakinuma & Yoshikawa (1964) also found that ouabain caused a fall in lactate production. The effects are the same whether or not Ca2+ is present in the medium. Of particular interest is the presence of an ouabain-sensitive component of lactate production in spherocytic cells in which rates of transport are raised above normal (Jacob & Jandl, 1964) . The present results extend these findings in directly showing how vectorial effects of Na+ and K+ on lactate production can be ascribed to an action on active transport, and the associated membrane ATPase. Active transport thus appears to act as a control of glycolysis as well as of respiration.
Magnitude of the regulation. What is the extent of the control of erythrocyte metabolism by this enzymic activity? The activity can be expressed as the sum of lactate and Pi production that is sensitive to ouabain, and Fig. 2 shows that this sum can vary from about 0.5 to 1.5pmoles/ml. of cells/hr., the increase being due to an increase in internal Na+ concentration. The activity of 0.5,umole/ml./hr. corresponds to that in fresh cells. Similar effects of internal Na+ and external K+ on P1 production were described by Laris & Letchworth (1962) . The ouabain-insensitive lactate and Pi production is independent of Na+ concentration and is represented by a value of about 20,umoles/ ml./hr. It thus appears that there is a basal energy production, unaffected by ouabain, and a transportcontrolled part that can vary from 25% (i.e. 0.5/2-0)to75% (i.e. 1.5/2.0)ofthebasal. Theformer value refers to fresh cells, and suggests that about 20% [i.e. 0 5/(0 5+2)] of the normal energy production is used and controlled by the activetransport system for Na+ and K+. Murphy (1963) Po88ible mechaniM8m of the regulation. The effects of Na+ and K+ thus depend on the activity of an enzyme system not in the glycolytic pathway. The mechanism of the regulation has not been established, but there are two points where control appears to be likely. One is at the stage of 3-phosphoglycerate kinase, which would be stimulated by an increase in ADP concentration arising from ATPase activity. Jones, Norris & Landon (1963) found that glycolysis was stimulated by more than 50% in a fraction of rat kidney due to an interaction between membrane ATPase activity and 3-phosphoglycerate kinase. Another point of control that is likely is at the level of sugar phosphates at the reaction catalysed by phosphofructokinase. This enzyme is affected by AMP, ADP and ATP concentrations in a way that would explain the observed changes in lactate production (see Passonneau & Lowry, 1962; Mansour, 1963; Newsholne & Randle, 1964 (1964) . Their values were 3-1 + 0-1 (6) for the Na+/ATP ratio and 2-4 + 0-1 (6) for the K+/ATP ratio. Glynn (1962) also reported a value of about 3 for the Na+/ATP ratio from work with erythrocyte 'ghosts', and Gardos (1964) The difficulties in estimating the free-energy change (AG') associated with ATP hydrolysis are 8 formidable, since a knowledge is required of the activities of ATP, ADP and P1 (or their Mg2+ complexes) and of H+ ions (George & Rutman, 1960) . Writing concentrations in place of activities, AG' is given by: AG' = AGO -2. [PI])} Taking the standard free energy of ATP hydrolysis, AGO, ./mole (see Burton, 1958) [Na+], and [K+] . (Whittam, 1962b; Glynn, 1962) .
It is particularly striking that the values for the Na+/ATP and K+/ATP ratios are constant even though the electrochemical gradient was varied. The Na+/O2 ratio for frog skin also is constant for different values of the electrochemical gradient, and Zerahn (1956) has discussed the implications of this finding. His considerations can now be applied to the present results with erythrocytes.
Vectorial nature of the membrane adenosine triphosphatase How is it possible for the energy released during the hydrolysis of ATP to be utilized for the unidirectional transport of ions against an electrochemical gradient? It is evident intuitively, and may be demonstrated by means of irreversible thermodynamics, that coupling between a scalar chemical reaction and a vectorial flow of matter cannot occur in an isotropic system (Jardetsky & Snell, 1960; Katchalsky & Kedem, 1962) . However, Moszynski, Hoshiko & Lindley (1963) show that a one-dimensional flux can be coupled to a reaction which possesses asymmetry in occurring only at one side of a membrane. The reaction catalysed by the (Na+ + K+)-activated ATPase fulfils this criterion, since the enzyme acts only on internal ATP and appears to liberate the products of hydrolysis inside the cell (Schatzmann, 1964; Sen & Post, 1964; Whittam & Ager, 1964) . Other authors have pointed out that a chemical reaction occurring in the cell membrane may itself possess marked asymmetry and thus be a vector quantity (see Katchalsky & Kedem, 1962 hydrolysis is used for the movement of ions against electrochemical gradients. There is no information at present on the possibility of the opposite form of energy transformation, an increase in chemical energy at the expense of ionic gradients. The present studies have not been concerned with the chemical nature of the mechanism that causes the hydrolysis of ATP. Although the sequence of events that lead to ATP hydrolysis is still somewhat obscure, it is attractive to speculate that changes in the configuration of a single enzyme might constitute the means by which Na+ and K+ are carried across the membrane. There is some evidence that the configuration of a soluble enzyme changes during the formation of the enzymesubstrate complex, as, e.g., during the interaction between glucose 6-phosphate and phosphoglucomutase (see Koshland, Yankeelov & Thoma, 1962) . The apparent flexibility of 'active centres', and steric effects in general, may assume particular importance for those enzymes that form part of a membrane. Thus it might be supposed that internal Na+ is involved in inducing the fit of ATP with the active centre of the (Na+ + K+)-activated ATPase.
Overall ATP hydrolysis requires external K+ as well, however, and active ion movements may be connected with a rearrangement of the enzyme to its initial state, triggered by K+. Na+ and K+ may be regarded as enzymic cofactors, but differ from ones in a homogeneous milieu in being raised to a higher energy level as ATP is hydrolysed.
The notion that a conformational change is involved in active transport has also been put forward by Hokin & Hokin (1963) and Judah & Ahmed (1964) . These authors suggest respectively that lipoprotein or phosphoprotein carriers undergo changes of configuration according to their degree of phosphorylation. A problem that remains unresolved is whether separate cation-binding sites are responsible for Na+ and K+ carriage or whether there is rotation of a single binding site such that its specificity is high for Na+ at the inner and for K+ at the outer surface of the membrane (see Whittam, 1962b) .
